Polymeric forms of C 60 are now well known, but numerous attempts to obtain C 70 in a polymeric state have yielded only dimers. Polymeric C 70 has now been synthesized by treatment of hexagonally packed C 70 single crystals under moderate hydrostatic pressure (2 gigapascals) at elevated temperature (300°C), which confirms predictions from our modeling of polymeric structures of C 70 . Single-crystal x-ray diffraction shows that the molecules are bridged into polymeric zigzag chains that extend along the c axis of the parent structure. Solid-state nuclear magnetic resonance and Raman data provide evidence for covalent chemical bonding between the C 70 cages.
Understanding the formation and properties of three-dimensionally (3D) cross-linked C 60 (1) (2) (3) and C 70 (4) requires a detailed knowledge of structure and bonding in their precursors, highpressure polymerized (hpp) fullerenes (5) (6) (7) (8) . However, with few exceptions (9 -11) , structural studies have been performed on polycrystalline hpp fullerenes, and powder diffraction data are of insufficient quality to resolve individual carbon atom positions and C-C bond lengths of the polymers. In this respect, knowledge of the structure of polymeric C 70 is particularly interesting because it may be relevant to the not yet understood phenomenon of reversible amorphization induced in this material by high pressure (12) .
Attempts to produce polymeric C 70 have generally been inconclusive. Laser desorption mass spectra of thin films irradiated with ultraviolet (UV ) light indicated the presence of molecular clusters, although infrared (IR) spectra remained unchanged (13) . High-pressure treatment of C 70 powder up to 7.5 GPa at temperatures up to 800°C also did not change its structure and vibrational properties (14) . New features in IR (15, 16) and UV-visible (15) absorption spectra of polycrystalline C 70 were observed after treatment at 5 GPa, 300°C (15) and 7.5 GPa, 250°C (16) , but these features were attributed to the formation of C 70 dimers, which were later produced, isolated in pure form, and characterized spectroscopically (17) . However, the crystal structure of C 140 also remains unknown. All of these uncertainties have frustrated further attempts to access the polymeric state of C 70 and to address the problem of C 70 polymerization in general.
To guide our experimental studies, we generated a series of plausible structural models for polymeric C 70 ( Table 1 ) using rigid zigzag chains as the structural units. We rejected some "hypothetical" polymeric structures from the analysis as energetically unrealistic, such as a fivefold helix extended along the ͗111͘ direction in a crystal with cubic packing (CP) or chains formed in close-packed planes via 2ϩ2 cycloaddition between "equator" double bonds of C 70 . For comparison, we also constructed crystal structures based on rigid, energetically favorable C 140 (C 2h symmetry). The molecular structure as well as the initial packing [either CP or hexagonal packing (HP)] were assumed to be similar to that in a monomer (18 -21) . The positions and mutual orientations of chains and dimers were then optimized via minimization of the lattice energy with a method (22) that successfully predicted the crystal structures of monomeric C 60 and C 70 and of polymeric C 60 . The predicted structures ( Table 1) show that, whereas dimers can be formed in either packing, a polymeric chain structure with a reasonably low free energy is possible only in hexagonal C 70 , because CP does not have a symmetry element (twofold screw axis) required to build a polymer. We therefore decided to use a HP C 70 single crystal as source material for high-pressure synthesis of a C 70 polymer. The predicted polymeric structures were further used as starting models in the structure determination from our diffraction data (see below).
The single crystals of C 70 were grown with a method described in (23) Table 1 . Predicted and observed crystal packings of C 70 polymer and dimer (26) . The observed monomer structure is from (21), Z is the number of fullerenes per unit cell, and the van der Waals lattice energy ( per one C 70 ) was minimized with the Lennard-Jones 6-12 atom-atom potential with parameters r 0 ϭ 3.7 Å, ϭ Ϫ0.072 kcal/mol for carbons using the program PMC (22 (17) and scale well with the analogous vibrations in the chain polymer (24) of C 60 , providing additional evidence for the polymeric nature of the material produced.
The material survived the high-pressure treatment in single-crystalline form. The quality of the treated crystal was sufficient to collect a total of 2299 reflections (1661 with ͉F͉ Ͼ 4͉F͉, data up to 2 ϭ 32.7°) at 293 and 100 K on an imaging plate x-ray diffractometer with Mo K ␣ radiation. All reflections could be indexed with a pseudo-hexagonal cell with a hex ϭ 9.99 Ϯ 0.01 Å, c hex ϭ 17.92 Ϯ 0.02 Å. Figure 2 shows example images from the complete diffraction data set. As the symmetry of the C 70 molecule and the site symmetries in the hexagonal lattice are incompatible, the crystal structure of the polymer is pseudo-symmetric with a unit cell of lower symmetry mimicking a hexagonal cell via multiple ( pseudo-merohedric) twinning.
The polymer C 70 data consequently resisted any attempt to determine the structure by "classical" crystallographic methods. It was therefore solved ab initio by global optimization using a systematic stepwise orientational and translational search routine. Optimization was performed in space group P1 with a re-indexed, pseudo-hexagonal data set that properly accounted for the symmetry reduction and the multiple twinning. After refinement, the model was subjected to a symmetry analysis (25) that resulted in a structure in the space group Ccmm (group 63) with four molecules in an orthorhombic unit cell with a o ϭ 17.30 Ϯ 0.02 Å, b o ϭ 9.99 Ϯ 0.01 Å, c o ϭ 17.92 Ϯ 0.02 Å. Eighty-two parameters were further refined, including threefold pseudo-merohedric twinning, without constraints or restraints (26) . We stress that the orthorhombic polymer model from the energy optimization (Table 1) used as a starting point for the structure refinement converged to exactly the same result in an independent test if we permitted relaxation of carbon atom positions. This finding additionally emphasizes the adequacy of the predicted structural model.
The directions of the orthorhombic and pseudo-hexagonal ( parent hexagonal monomer) axes are related as follows: a o ϭ 2a hex ϩ b hex ; b o ϭ b hex ; c o ϭ c hex . Expressed in the pseudo-hexagonal cell at 100 K, polymerization corresponds to a shrinking of the lattice parameter c by 3.3% while the a parameter decreases by only 0.3% from its monomer value. The volume decreases by 4% with respect to the monomer (21). The structure (Fig. 3) is built from polymeric zigzag chains extended along the c axis of the parent hexagonal monomer structure. Neighboring molecules are linked via four-mem- bered rings in a 2ϩ2 cycloaddition between double bonds close to polar pentagons of the C 70 cages. The pseudo-hexagonal crystal structure of the C 70 polymer is indicative of the topochemical character of polymerization and suggests that the reaction takes place in a phase with uniaxial rotation of the molecules about their long axes, which are oriented along the c axis of the hexagonal lattice of the monomer (27) . Hence, the alignment of molecules and their presumed orientational mobility would facilitate polymerization via spatial adjustment of reactive double bonds of neighboring cages.
The molecules in the chains are remarkably distorted, with elongated bonds and "flat" polygons on the "outer" surface of the chain links and short bonds and strongly nonplanar polygons on the "inner" surface, showing that polymerization results in very large molecular strains. The polygons close to the linking C atoms, in particular the polar cap pentagons, deviate most strongly from planarity. As expected, the polymerizationinduced changes of the intramolecular bonds are largest close to the four-membered ring, an almost regular square [as in C 120 (10)] fusing neighboring molecules. According to our nuclear magnetic resonance (NMR) results, the bonding state of both C1 and C4 carbons should be close to sp 3 (Fig. 3B) . The former short [1.423 Å (21)] double bond, C1ϭC4, fusing two hexagons, is now the longest bond on the molecule (1.621 Å).
To compare our experimental results with quantum chemical predictions, we carried out the optimization of the geometry of the C 70 dimer using the semi-empirical PM3 method [Gaussian 98W (28) ]. The experimental data on the C 70 polymer agree reasonably well with our predicted molecular bonds for the dimer, with most deviations in the range 0.02 to 0.03 Å (Fig. 3B) . However, the intercage bonds C1-C4Ј and C4-C1Ј (1.548 Å predicted versus 1.625 Å observed) do not agree well. This deviation may be due to shortcomings of the quantum chemical approximation used here, because this highly strained part of the molecule is probably the most difficult to predict. However, in the case of incomplete polymerization and/or presence of stacking faults (Fig. 2B) terminating the growth of polymeric chains, one would expect an apparent elongation of these bonds that would result from a local relaxation of the molecules and a global increase of the lattice parameter along the chain. A rough estimate shows that the apparent difference of about 0.08 Å between the experimental intercage bond lengths for the polymer and those calculated for the dimer corresponds to about a 7% reduction in the degree of polymerization. This result is consistent with the fraction of C 70 monomers (Ͻ5%) in the material estimated from the FTIR data. Quantum chemical calculations for infinite C 70 chains would be needed to resolve this question.
In a 13 C magic angle spinning (MAS) NMR experiment, polymerized C 70 in powder form, produced under similar conditions (2.5 GPa, 300°C) (29) , was loaded into a 4.4-mm Chemagnetics pencil rotor and rotated at 14 kHz in a magnetic field of 9.4 T at room temperature. The NMR spectrum (Fig.  4) contains several resonances between 160 and 65 ppm (adamantane served as external reference). The two prominent signals at 67.6 and 71 ppm are typical of sp 3 carbons. As for polymeric C 60 (24, 30) , these signals are direct evidence for the formation of covalent bonds between molecules. More important, the two different chemical shifts of the sp 3 carbons directly confirm the results of our structural refinement-that is, the symmetry inequivalence of the two carbon atoms bridging neighboring molecules in the polymeric chains. Deconvolution of the spectrum in the sp 2 region between 130 and 160 ppm with Lorentzians reveals seven peaks, as compared to five peaks for the monomeric species, and is a further manifestation for cage deformation upon polymerization.
Although the C 70 polymer crystal is stable at ambient conditions, it reverts to the monomeric state upon heating at ambient pressure, much like C 60 polymers. Our dilatometric experiments on the single-crystal sample of the C 70 polymer (31) indicate the onset of depolymerization as an abrupt increase of sample dimensions starting at about 450 K. Upon completion of this process, the orientational orderdisorder transitions characteristic of molecular dynamics in the monomeric C 70 are restored and the Raman spectrum of the material is identical to that of pristine C 70 (Fig. 1A) .
Our results demonstrate how nature solves the seeming problem of incompatible molecular (fivefold) and crystal (sixfold) symmetries of C 70 by forming zigzag polymer chains. The topochemical polymerization is governed by the packing of molecules in C 70 crystal and indicates that the system topology must play a key role in the polymerization of higher fullerenes and formation of 3D networks of cross-linked fullerene cages.
